method that uses any individual risk or protective factor to predict caries development or progression. Two recent systematic reviews on CRAMs report on the accuracy of these various methods in caries prediction. 2, 3 To further improve caries prediction, various combinations of CRAMs have been developed into so-called caries risk assessment tools (CRATs) or systems (the term "tools" will be used in this paper). At present, there are a variety of CRATs used in dentistry. Popular CRATs include the following: Caries Management By Risk Assessment (CAMBRA), American Association of Paediatric Dentistry Caries Assessment Tool (AAPD CAT), and Cariogram. [4] [5] [6] Conceptually, risk assessment seeks to determine an accurate and precise risk level categorisation for the purposes of identifying those at highest risk of disease, to guide treatment decisions, to determine appropriate recalls and health economics. 7 For any health measurement instrument, be it an index test, clinical rating scale or a self/patient-reported health outcome measure, the key measurement properties that ensure the results of the tool are interpreted properly are validity (accuracy), reliability (precision), and responsiveness. Reliability is the property of the tool to produce similar results under different conditions, whereas validity is the property of the tool to measure what it claims to measure. Responsiveness is the ability of a tool to validly detect change in a measured construct over time. Reliability includes the domains of internal consistency and measurement error. Validity includes domains such as content, construct, and criterion validity. 8 Most of the research on CRATs and CRAMs has focused only on validity (mostly limited to criterion validity (reported as sensitivity and specificity)) in predicting a caries outcome. 2, 3, 9 Without evidence for the quality of all relevant measurement properties for a CRAT, making an informed decision on tool selection is impossible. The authors of this review experienced this issue first hand, in an attempt to select a CRAT for use in a risk-based caries management model of care at a public dental service in Melbourne, Australia. Contemporary caries management is reliant on valid and reliable risk assignment, making the necessary first step to: use evidence to inform CRAT selection; and where required, generate the knowledge to inform the selection of CRATs. Without this essential body of work, risk-based models of caries management run the risk of not delivering the intended outcomes. This is not a review of caries risk assessment methods (CRAMs) and is not limited to criterion validity. Rather, this review will focus exclusively on CRATs and the collation and assessment of evidence on the important measurement properties of CRATs for children under 6 years of age. This review offers a critical assessment of the methodological quality of included studies and the measurement properties reported in these studies to inform the selection of CRATs for young children.
The research question guiding this review was: What is the strength of evidence to inform the selection of CRATs for children ages 6 years and less? The objectives were as follows:
1.
To identify existing CRATs for use with young children.
2.
To assess the methodological quality of studies that assess the measurement properties of existing CRATs, including quality of the reported measurement property.
3.
To assess the strength of evidence (overall quality) for a CRAT.
4.
To identify gaps in the research on CRATs.
| MATERIALS AND METHODS

| Identification of studies
MEDLINE was the principal search database for this review. Other databases searched included CINAHL, PubMed, and Scopus. Key search terms were selected in consultation with experts in the field and a University librarian. These keywords were used to generate a Boolean search string, modified slightly for each database. The base Boolean string was-(caries or dental caries) AND (risk assessment or risk measur*) AND (measur* or tool*). In addition, we also conducted a phrase search for known caries risk assessment tools. The Boolean string for this search was-("caries management by risk assessment" OR CAMBRA OR cariogram OR "caries management system"). A University of Melbourne librarian familiar with the terminology in this field helped design and implement the search strategy.
The reference lists of articles selected for inclusion in the review and known cariology literature (including textbooks) were also screened to identify studies that may have been missed in
Why this paper is important to paediatric dentists
• This paper identified current caries risk assessment tools for children 6 years and less, for which there is peer-reviewed published evidence.
• Paediatric dentists should be informed by evidence when selecting a caries risk assessment tool for use in risk-based caries management.
• This study also provides paediatric dentists with an understanding of the important measurement properties to consider when selecting a health measurement instrument.
the electronic database search. Finally, experts (individuals and organisations) in the field were contacted to determine whether they had knowledge of publications on caries risk assessment tools that were not picked up by the other search methods.
| Study selection
Decisions on the inclusion and exclusion criteria (Table 1) , to determine study selection, were guided by the review question and objectives. These criteria were finalised through periodic meetings of the review team, an iterative process that developed with literature familiarity. For example, the inclusion criterion "children ≤6 years" was introduced only at the full-text screening stage as the literature showed that this was a sufficiently different age cohort, in terms of having different risk/protective factors to older people, 10 to warrant a separate analysis. Several systematic reviews were identified but not included after application of inclusion/exclusion criterion. These excluded systematic reviews were screened for primary research papers that might not have been captured by the search strategy. A two-step screening process was employed-title/abstract and full text. Two members (BC and LC) of the review team independently screened selected articles against the inclusion and exclusion criteria. Differences were resolved via discussion. The PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram was used to illustrate the flow of information through the study selection process and is shown in Figure 1 . 
| Quality assessment
Several tools were considered for the quality assessment component of this review. The QUADAS (Quality Assessment for Diagnostic Accuracy Studies) tool has been used in previous systematic reviews on caries risk assessment methods. 12 As the name indicates, however, QUADAS focuses only on the single measurement property, validity, with the domains mainly related to criterion validity. For CRATs, content validity and construct validity are equally important. The QUADAS tool also has relatively more subjective questions than the COSMIN checklist and needs to be paired with another relatively subjective method like Grading of Recommendations Assessment, Development and Evaluation (GRADE) to determine the overall strength of evidence. 13 This review required a more objective method of quality assessment which focused on all the important measurement properties for CRATs. Therefore, the Consensusbased Standards for the selection of health Measurement Instruments (COSMIN) checklist was used.
14 COSMIN provides a standard set of items to inform the selection of health measurement instruments. The COSMIN checklist consists of nine boxes, to reflect important measurement properties (Appendix 1), with 5-18 items describing methodological standards for how each measurement property should be assessed.
14 For this review, the measurement properties of internal consistency, structural validity, and cross-cultural validity were not assessed as they were considered not applicable to CRATs. Internal consistency and structural validity are based on reflective models where all items that make up an instrument are a manifestation of the same underlying construct and, hence, are highly correlated, 8 whereas for CRATs the items together form the construct "risk" status and are not necessarily correlated. Cross-cultural validity was not assessed as it relates to the validity of translation of CRATs into other languages and this was not the study focus.
T A B L E 1 Inclusion and exclusion criteria
Criterion Inclusion Exclusion
Population Children ≤6 y of age (only applied at the full-text screening stage) The quality assessment in this review was conducted in three steps. For these three steps, the quality assessment was performed by one assessor (BC) and 20% independently assessed by a second assessor (LC). Discrepancies were resolved by discussion.
| Step A. Assessing the methodological quality (risk of bias) of included studies
Firstly, the methodological quality of a study was evaluated using the COSMIN checklist with 4-point rating score (excellent, good, fair, and poor) and the overall score for a particular study was determined by the lowest rating of any item in the checklist for the particular measurement property. The quality of the measurement properties in each study was assessed by CRAT using criteria as described in COSMIN's protocol for systematic reviews of measurement properties (Appendix 2). 15 Minor revisions to the criteria were made to add clarity to the rating methodology and to also reflect criteria used to determine study quality rating in the COSMIN checklist. For example, for criterion validity "Sens+Spec ≥160" was added to the criteria for a "+" rating. This criterion of Sens+Spec ≥160 is generally accepted in the literature as being appropriate for a tool to predict caries. The overall strength of evidence to support the selection of a CRAT was assessed using criteria as described in COSMIN's protocol for systematic reviews of measurement properties (Appendix 3). 15 This rating was informed by the two previous quality assessment steps. For example, an "Excellent" study rating for criterion validity in Step A and a "−" rating in Step B, for quality of the measurement property criterion validity, achieved an overall rating of "−−−" in Step C (this step) of the quality assessment. This was interpreted as strong evidence of a negative rating for criterion validity in one study of excellent methodological quality.
| Data synthesis and analysis
The analysis assessed and compared the methodological quality of included studies on CRATs, followed by a comparison of the overall strength of evidence for each identified CRAT. The in-text results were described by CRAT and summarised the key results from each quality assessment step. The narrative synthesis of the results was guided by the Cochrane Consumers and Communication Review Group's document on data synthesis and analysis 17 and was aligned with the research question and focused on the overall strength of evidence for each CRAT.
| RESULTS
The search strategy resulted in the identification of 432 unique papers, of which 167 were selected for full-text review based on their title and abstract. On completion of the full-text screening, 10 (of the 167) papers, assessing eight different CRATs, were included in this review ( Figure 1 ). The general characteristics of included studies and their respective CRATs are presented in Table 2 .
To align with the research question, the main results are reported below by CRAT. Table 3 presents the methodological quality of each study by measurement property and CRAT. Table 4 presents the quality of each measurement property by CRAT. Table 5 presents the overall strength of evidence for each CRAT by measurement property.
The University of North Carolina Caries Risk Assessment studies (UNCCRA) were conducted to improve methods to identify children prospectively at high risk to dental caries. 16, 18, 19 These CRA models have around fifteen items and the assessor determined the caries risk level. The methodological quality of these studies was rated "Poor" for reliability and measurement error (Table 3 ). For quality of measurement properties, only content validity achieved a positive rating (Table 4) . There was strong positive evidence for content validity and strong negative evidence for criterion validity and responsiveness in the overall strength of evidence assessment (Table 5) .
University of Michigan paediatric dental clinic CRA sheet (UMCRA) was developed for initial and recall patient encounters in the Young Patient and Prevention Clinic (YPPC) at the University of Michigan. 20 The CRA sheet consists of 14 items, which are used by the assessor to determine the caries risk level. There were no methodologically sound studies found for any of the measurement properties (Table 3) . No studies achieved a positive rating for quality of measurement properties (Table 4) . For the overall strength of evidence by measurement property, the evidence was mostly unknown due to poor methodological quality (Table 5) .
Cariogram is a computer program which graphically represents a caries risk profile for an individual and is expressed as "chance (%) to avoid caries". 5 This tool consists of nine items, and the risk level is program generated based on a predetermined algorithm. 21 The methodological quality of studies was rated "good" for criterion validity and responsiveness (Table 3 ). For quality of measurement properties, none achieved a positive rating (Table 4) . For the overall strength of evidence for the CRAT, by measurement property, there was strong negative evidence for Cariogram's criterion validity and responsiveness (Table 5) .
Similar to the Cariogram, the National University of Singapore caries risk assessment tool (NUS-CRAT) classifies children's caries risk into five risk levels and is expressed as "chance (%) to avoid caries." This tool has eleven items (6 items in the community-screening version), and the risk level is program-generated based on a pre-determined algorithm. 22, 23 The methodological quality of studies was rated as "Fair" or higher for all measurement properties with content validity achieving an "Excellent" rating (Table 3 ). For quality of measurement properties, positive ratings were achieved by responsiveness and content and criterion validity (Table 4) . There was strong positive evidence for NUS-CRAT's content, criterion validity, and responsiveness in the overall strength of evidence assessment ( Table 5) .
The Dundee Caries Risk Assessment Model (DCRAM) is structured in a decision tree format and includes 2-5 items (depending on the particular DCRAM to be used) to identify children at high risk for dental caries. 24 The methodological quality of studies was mostly rated as "Fair" or higher, except for reliability and measurement error which were rated as "Poor" (Table 3 ). For quality of measurement properties, none achieved a positive rating (Table 4) . There was strong positive evidence for DCRAM's content in the overall strength of evidence assessment ( Table 5) .
The American Academy of paediatric Dentistry Caries Assessment Tool (AAPD CAT) designed for use in 0-to 5-year-olds includes 14 items to classify children as either high, medium, or low risk for dental caries. 4, 22, 25 The methodological quality of studies was rated as "Poor" for content validity (Table 3 ). For quality of measurement properties, none achieved a positive rating (Table 4) . There was strong negative evidence for AAPD CAT's criterion validity and responsiveness in the overall strength of evidence assessment ( Table 5 ).
The Caries Management by Risk Assessment (CAMBRA) is an approach that couples risk assessment with tailored preventive care and risk monitoring. The CRAT form for 0-to 5-year-olds includes 20 items to classify children as either high, moderate, or low risk for dental caries. 22, 26, 27 The assessor determines the caries risk level using these twenty items.
The methodological quality of studies was rated "Poor" for reliability and measurement error (Table 3 ). For quality of measurement properties, a positive rating was achieved for content validity (Table 4 ). There was strong positive evidence for CAMBRA's content validity in the overall strength of evidence assessment (Table 5) . MySmileBuddy (MSB) is a risk assessment, caregiver education, and ECC management tool. MSB consists of a series of five assessment modules containing questions and brief educational units, one each on, feeding practices, attitudes and beliefs, fluoride, and family history. Risk levels are program-generated and classify children as low (score: 1-3), medium (score: 4-6), and high (score: 7-10) for caries. 28, 29 The methodological quality of studies was rated as "Fair" or lower for measurement properties (Table 3 ). For quality of measurement properties, none achieved a positive rating ( Table 4 ). The overall strength of evidence for the CRAT, by measurement property, was unknown due to the tool being early in its development stages (Table 5 ).
T A B L E 2 Characteristics of included studies
| Narrative synthesis
Common across all tools was a lack of information to determine the levels of evidence for the key measurement properties of reliability (including measurement error) and construct validity. In terms of content validity, UMCRA, Cariogram, AAPD CAT, and MSB achieved "unknown" ratings. The main reason for this rating was that the risk assessment items in those CRATs were not demonstrated to be relevant to the target population in which the tools were used. Studies on tools that were assessed as having strong evidence for content validity identified the relevant risk factors for caries in the population being studied, before developing and testing their respective CRATs. For criterion validity and responsiveness, only the NUS-CRAT achieved a strong level of evidence. This was driven mainly by the fact that only the NUS-CRAT achieved a combined sensitivity and specificity score of over 160 and individual sensitivity and specificity scores of at least 75 and 85, respectively (Appendix 4). These are the recommended minimum scores for a tool to predict future caries. 16 Overall, based on reported information, the NUS-CRAT attained a higher quality rating than other CRATs studied by achieving strong evidence ratings in three out of the six measurement properties studied.
| DISCUSSION
The review identified the CRATs with published peerreviewed evidence and the important measurement properties to consider when selecting a health measurement instrument. The review findings showed however that the information reported in the literature, for each CRAT, was insufficient to make a full quality assessment. This finding was mostly due to poor methodological quality and reporting of studies. For example, whereas criterion validity (sensitivity and specificity) is reported in most studies, properties such as reliability in tool application, T A B L E 2 (Continued) measurement error, construct validity (including discriminatory validity), and content validity have been, in most cases, poorly studied. This review is consistent with and augments the findings of a recent review on the evidence for current caries risk assessment tools/systems. 9 Whereas the review by Tellez et al 9 focused only on criterion validity, this review included other measurement properties relevant to CRATs and in addition focused on a specific age, children ages 6 years and less. The rationale to focus on very young children was in recognition that factors contributing to caries risk in the early years are unique to this phase of life and disappear as the child gets older and transitions to school. For example, important influences on caries in young children include the following: parenting behaviours, knowledge, beliefs and attitudes; infant feeding practices; maternal circumstances and oral health; and infant-related oral health behaviours. 10 The authors of this review identified several key issues with studies on current CRATs for young children. First, reliability (which includes measurement error), a key measurement property particularly for reasoning-based userdetermined caries risk levels is not reported in any study included in this review. For CRATs where the risk levels are algorithm-based program-generated, such as Cariogram and NUS-CRAT, it is assumed that the same risk level will be generated when the same information is entered for each item by different users. However, there could be inconsistencies in data input for these algorithm-based CRATs that could affect risk level assignment. Hence, until reliability estimates are provided, the evidence on reliability remains unknown.
The second issue identified was the "unknown" rating for evidence on content validity for several tools, mainly due to the tool items not being checked for relevance among the population in which the tool was tested. The UNCCRA studies highlighted this issue where caries prevalence rates, geographic location, and age of the population determined the factors to include in the risk prediction models and eventually the items in the CRAT. This is a very important consideration for clinical practice as it raises the issue of adopting tools without testing them for relevance to the population being served. This could also be a major issue for caries risk assessments in young children as the caries-related factors can differ from those among older children. 10 The third issue identified was the lack of reporting on discriminatory validity for all CRAT tools examined, resulting in an "unknown" rating for this property. Discriminatory validity, a component of construct validity, is the relative ability of a CRAT to differentiate among risk levels. Without reporting on discriminatory validity, the risk level categorisation may be arbitrary and based more on a theoretical intellectual process rather than evidence.
The evidence to inform the selection of the Cariogram mostly achieved an "unknown" rating and was due to it mostly being used as a comparator for other tools in the included studies, rather than specifically assessing its usefulness in the testing population. CAMBRA is a well-used tool because it also provides clear management guidelines for each risk category. 27 CAMBRA is mostly a clinician reasoning-based CRAT for which reliability in the application of the tool is important to ensure consistency across clinicians in risk assignment as well as the associated management strategies. DCRAM1, predicting d1mft >0 (All caries lesions and predicting any caries); DCRAM2, predicting d3mft >0 (Dentine caries lesions and predicting any caries); DCRAM3, predicting d1mft ≥3 (All caries lesions and predicting more than two caries lesions); DCRAM4, predicting d3mft ≥3 (Dentine caries lesions and predicting more than two caries lesions); NUS-CRA C, comprehensive, includes all risk factors; NUS-CRA S, screening tool, reduced # risk factors assessed-excludes microbiology and saliva analysis; + = positive rating, ? = indeterminate (Unknown) rating, -= negative rating.
a Only overall AAPD CAT used
The evidence for this measurement property of CAMBRA is at present unknown. For criterion validity, CAMBRA was assessed as having strong evidence for a negative result which was mainly due to it not achieving the recommended combined sensitivity and specificity score of 160. Studies on CAMBRA however consistently reported high sensitivity scores of 0.84 and above. 22, 26 The AAPD CAT developed by the American Association for paediatric Dentistry, 4 as with other CRATs, has an unknown level of evidence for its content which could be due to the limited number of publications that describe the process of identifying and including the items that constitute this tool. DCRAM is a CRAT with the least number of items (2-5 items depending on model) that has strong evidence to support its content and uses a decision tree format to arrive at a risk level. 24 The tool is relatively new compared with other tools and has had limited testing beyond the author group that developed the tool. The NUS-CRAT, 22, 23 was recently developed for young children, had the strongest evidence to support its selection. The authors of studies on NUS-CRAT attribute its positive performance to two main factors. First, being algorithm driven, CRAT allows for a mathematical synthesis of risk factors and indicators and defines their relative contribution to risk using pre-determined weights. Second, could be the inclusion of age-specific risk factors such as infant feeding practices in the assessment process (Appendix 5). MySmileBuddy is the most recently developed CRAT that also provides oral health education information and caries management protocols. 28 The tool is in its very early stages of development and hence received an unknown rating. Some limitations of the COSMIN checklist should be noted. Although it is comprehensive, it is complex and requires the user to be very familiar with the measurement properties and rating criteria. Certain measurement properties required more specific author generated definitions for clarity and standardisation in the rating process. For example, a question on content validity is: "Was there an assessment of whether all items refer to relevant aspects of the construct to be measured?" In this case, a clear definition of the construct and the appropriate assessment was required to ensure consistency in application of the rating criteria. In relation to construct validity, the quality criteria requirement is for studies to state a priori hypothesis. None of the studies however in this review stated a hypothesis and as such received a lower quality rating.
As with most quality assessment tools, the rating criteria definitions may need to be revised to better fit an area of research.
| CONCLUSION
This systematic review showed that the evidence to inform the selection of current CRATs for children is yet to be established. Overall, the NUS-CRAT studies reported the most information to inform the assessment of its measurement properties, and as a result, this tool attained a higher quality rating than other CRATs studied. The use of CRATs in caries management is very important and highly recommended. Methodologically sound studies are urgently needed to provide the evidence for the measurement properties of CRATs for young children. +++ or −−− strong evidence positive/negative result, ++ or −− moderate evidence positive/negative result, + or − limited evidence positive/negative result, ± conflicting evidence, ? unknown, due to poor methodological quality.
T A B L E 5
